Polyurethane foam is an outstanding material for various applications. It is manufactured by propelling liquid isocyanate-polyol mixture to form foams in the presence of a blowing agent. This paper comprises an experimental study on acoustic properties improvement of rigid polyurethane closed-cell foam, by incorporating various quantities of textile waste into the matrix. In order to obtain a homogenous, easy to handle material, an optimal percent of 10-50% textile waste was used. The sound absorption coefficient of the composite materials was measured using an impedance tube. The composite materials obtained have better sound absorption properties compared to rigid polyurethane foam. The noise reduction coefficient (NRC) of the composite material with 40% textile waste and 60% rigid polyurethane foam is twice as high as the 100% rigid polyurethane material.
Introduction
As industrial waste continuously accumulates, it is becoming a major problem for the environment as well as for public health. Another environmental problem, which is becoming an increasingly significant concern due to its negative impact on human health, is noise pollution [1] . Therefore, research and development of efficient and environmentally friendly sound absorbing materials is important [2] [3] [4] [5] .
Polymer foams include a plurality of cells in a polymer matrix. Foam can have an open, partially open, or a closed cell structure. Polymer foam requires less material than a solid polymer having the same volume, thus material costs are reduced in many applications [6] . Polyurethane foams are widely used in industry for their mechanical, electrical, thermal and acoustic properties [7] .
Rigid polyurethane foam is currently one of the best thermal insulating materials available. As such, thermal insulation is a key feature of most of its applications. The combination of rigid polyurethane foam with different facing materials produces construction composites materials with important applications [8] .
In the European Union, consumers discard around 5.8 million tones of textiles waste every year. Only 1.5 million tones of such textiles waste are recycled by charities and industrial enterprises. The remaining waste goes to landfills or to municipal waste incinerators [9] .
Textile waste integrates a group of reusable materials that can be included in building construction and used in various applications. This textile waste may origin in the textile industry or may simply result from clothes that are no longer used [10] .
Researches confirm the possibility to reinforce polymer foams with recycled materials to enhance their mechanical, thermal and acoustic properties. Thus, researchers have used and studied fibrous waste with various characteristics to obtain sound absorbing materials: corn cob [11] , cotton [12] , hemp fibers [13] , jute fibers [14] , textile fibers [15] , agricultural waste [16] , coconut fibers [17] , cellulose fibers [18] , tea-leaf fibers [19] and kenaf [20] .
This research aims to study the two advantages of such materials use for the environment. One advantage is the superior use of waste textile materials for making new materials and the second is to use such materials to reduce noise pollution levels.
The objective of this study is to test the improved acoustic performance of rigid polyurethane foam with different percent of textile waste incorporated in its matrix, when applied for noise absorption purpose.
Nomenclature

RC
noise reduction coefficient MDI methylene diphenyl diisocyanate RPF rigid polyurethane foam α sound absorption coefficient α 250 sound absorption coefficient at a frequency of 250 Hz α 500 sound absorption coefficient at a frequency of 500 Hz α 1000
sound absorption coefficient at a frequency of 1000 Hz α 2000 sound absorption coefficient at a frequency of 2000 Hz
Experimental setup
Materials
Textile waste ( Fig. 1 ) used to improve acoustic properties of rigid polyurethane foam, come from the production of knitted clothing. The textile waste is made of synthetic fibers, with the following composition: 15% polyamide (nylon), 40% polyacril and 45% modal. The density of the textile fibers used as reinforcing material in composite materials is of 0.051g/cm3.
The synthetic textile fibres used are made by polymerising smaller molecules into larger molecules through an industrial process [21, 22] .
The matrix of composite materials obtained in this research is bi-component rigid polyurethane foam. The polyol component of the foam mixture includes polyol, catalyst, stabilizing agents, flame retardant and blowing agent (polyol: density = 1.09 g/cm3 at 20°C, viscosity = 560 mPa at 20°C). The isocyanate component includes a polymeric MDI (methylene diphenyl diisocyanate) (density = 1.24 g/cm3 at 20°C, viscosity = 170÷250 mPa at 20°C) [23] . Isocyanates based on MDI are used almost exclusively for producing polyurethane foam. These are mixtures of MDI (mainly 4,4'-diisocyanato-diphenylmethane with an isomeric 2,4'-diisocyanato-diphenylmethane content) and higher molecular components. As a molecular unit is repeated in the structure of these higher molecular components, the isocyanate mix is also called polymeric MDI.
The composite materials produced have a cellular structure with closed pores (Fig. 2) . By introducing textile waste into the polyurethane foam matrix we aimed to improve the sound absorption properties. 
Sample preparation
Composite samples were prepared by mixing textile waste with a polyurethane formulation including isocyanate and forms of polyol. The polyurethane foam was prepared by mixing the polyol and isocyanate at a 1:1.5 ratio at room temperature of 22÷25°C by a process described bellow.
At the beginning of the study different weight percentage (wt%) of textile waste in polyurethane foam were established. For this purpose the maximum weight percentage was established. In order to determine the maximum amount of textile waste that can be added to polyurethane foam, several samples with different textile waste weight percentage were produced. The weight percentage range of textile waste used varies between 0 and 50 (Table 1) . When textile waste weight percentage is above 50%, the obtained composite material is not homogenous and cannot be handled. Polyol and isocyanate were mixed with textile waste at determined weight ratios. After pouring the mixture into the mold, a mixer tool of up to 2000 rpm was used to mix the composition in order to obtain a homogeneous composition. Out of each mold, 3 samples with 63.5 mm diameter were produced for impedance tube testing (Fig. 3) . The composite material was 40 mm thick. 
100-RPF
Density of the composite materials
The densities of the composite materials were measured according to ASTM D 1622-08. Eight samples of 50×50×30 mm size (length ×width× thickness) were cut from the composite materials, after moisture conditioning at 23°C for 24h.
Sound absorption coefficient measurement
A sound wave incident on a material can be absorbed, reflected and/or transmitted by the material. These three phenomena are all possible depending upon the types of material. The absorption of the incident sound wave is an effective way to control noise.
Acoustic performance of sound absorbing material is valued by the sound absorption coefficient. An impedance tube was used to determine the sound absorption coefficient of sound absorbing materials analyzed.
The absorption coefficient is the ratio of the absorbed energy to the total incident energy and the reflection coefficient is the ratio of the reflected energy to the total incident energy.
The measurements were based on a two-microphone transfer-function method according to ISO 10534-2, international standard for horizontally mounted orientation sensitive materials [24] . A medium Type 4206 A Brüel&Kjaer tube kit was used to measure acoustic parameters for a frequency range of 100÷3200 Hz.
The testing apparatus is part of a complete acoustic material testing system (Fig. 4) , featuring a Brüel&Kjaer Type 4206 A medium impedance tube (1), two 4187 Brüel&Kjaer microphones (2), an Analyser PULSE 3560-B-030 acoustic signal generator (3), a 2716 Brüel&Kjaer signal amplifier (4) and a PC (5) for recording and processing results, connected with the Brüel & Kjaer PULSE interface [25] . 
Results and discussion
Density
Density variation plot of sound absorbing composite materials used in this research, depending on the percentage of added waste, is represented in Fig. 5 . It can be observed that the material density increases with the increase of textile waste percentage used for obtaining sound absorbing composite materials. 
The effect of textile waste percentage on sound absorption coefficient
The influence of textile waste percentage used in obtaining composite materials based on rigid polyurethane foam on the sound absorption coefficient is presented in Fig. 6 .
In the graphic representation it can be observed that composite materials have better sound absorption properties compared to the 100-RPF material (100% rigid polyurethane foam) in the whole frequency range analyzed. The 60-RPF material (40% textile waste and 60% rigid polyurethane foam) has the best sound absorption properties in the frequency ranges of 250÷900 Hz and 1400÷3100 Hz.
The 85-RPF material (15% textile waste and 85% rigid polyurethane foam) has the best sound absorption properties for frequencies under 250 Hz, and the 70-RPF material in the frequency range of 900÷1400 Hz.
The maximum value of the acoustic absorption coefficient of 0.86 is achieved by sample material 75-RPF (25% textile waste and 75% rigid polyurethane foam) at a frequency of 1000 Hz. Indicating the sound absorbing properties of materials by using the absorption coefficient values at different frequency ranges might be too complex. To solve this problem, the ability of a material to absorb sound is generally calculated using a single value: the noise reduction coefficient (NRC). The NRC can be calculated using formula (2) (1) Improvement of acoustic properties of rigid polyurethane foam by adding textile waste can be observed from the values of noise reduction coefficient (Fig. 7) , which are higher in the case of composite materials. We can also observe that with the increase of textile waste percentage, the value of noise reduction coefficient (NRC) also increases. The 60-RPF material has the maximum NRC value of 0.593, which is twice as the 100% rigid polyurethane foam. 
Conclusions
Properties of materials obtained in this study are of a great importance for improving the existing materials properties and for developing new materials with better physical, mechanical and thermal properties.
These alternative materials can be cost beneficial as well as useful in green building initiative by developing materials from natural and recycled resources.
Composite materials obtained by introducing textile waste in rigid polyurethane foam matrix have sound absorption properties much improved compared to the 100% rigid polyurethane foam. The 60-RPF material has the best capacity to absorb noise, reaching a value of minimum 0.4 of sound absorption coefficient on the whole analyzed frequency ranges.
The developed materials can be used both in the outdoor and in the indoor environment.
